To determine whether elevated levels of immune/inflammatory proteins in cord blood, alone or in combination with conventional clinical parameters, can predict the occurrence and progression of retinopathy of prematurity (ROP) in preterm infants.
R etinopathy of prematurity (ROP), which is caused by the insults that disrupt neurovascular growth in immature retinas of preterm neonates, is a leading cause of childhood blindness worldwide. 1 Furthermore, it is considered a complex disease with multiple etiologies, having an overall incidence rate of 30% for very preterm infants (<32 weeks). 1, 2 Importantly, significant evidence exists to indicate that earlier detection and treatment of ROP through screening for high-risk neonates dramatically decreased the incidence of irreversible vision loss and significantly reduced unfavorable outcomes. 3, 4 Therefore, it is of great importance, for salvaging vision in preterm neonates with ROP, to identify biomarkers for early and more accurate prediction of ROP in high-risk neonates (especially during the prenatal period), thus leading to improved screening, prevention, and timely therapeutic interventions.
A number of significant perinatal and postnatal risk factors associated with ROP have been identified, such as low gestational age, low birth weight, postnatal weight gain, and high oxygen supplementation. 1, 5, 6 However, little is currently known concerning prenatal risk factors related to ROP. In this respect, the evaluation of biomarkers in preterm newborns through the analysis of umbilical cord blood can be useful and predictive for the risk of ROP linked to events occurring in utero because cord blood at birth can directly reflect the effect of the intrauterine milieu on the fetus (i.e., hypoxia, stress, injury, and infection/inflammation). In fact, in the setting of neurologic, pulmonary, and auditory injuries induced by prenatal insults in preterm infants, several studies have reported a number of cord blood biomarkers that can be useful in identifying neonates at high risk for these diseases. [7] [8] [9] However, only very few investigations were conducted regarding the relationship between protein levels in cord blood at birth and ROP [10] [11] [12] and were limited by a small number of participants, a lack of controls for known ROP risk factors, a small number of target proteins (e.g., cytokines and growth factors), and restricting the outcome to only ROP occurrences. The purpose of this study was to determine whether elevated levels of various immune and inflammatory proteins in cord blood are associated with an increased risk of the occurrence and progression of ROP in preterm infants and to develop the best combined model for predicting severe ROP by using these biomarkers in combination with conventional clinical parameters.
METHODS

Study Design
This single-center, retrospective cohort study included singleton preterm infants at Seoul National University Bundang Hospital (Seongnam, Korea) between June 2004 and September 2016. The inclusion criteria were (1) 24.0 to 32.0 weeks gestation at birth, (2) survival until 36 weeks postmenstrual age, (3) underwent ROP screening examinations, (4) absence from major structural or chromosomal abnormalities, and (5) availability of cord plasma sample (1 aliquot) for analysis. Gestational age was determined based on the last menstrual period and confirmed by ultrasound in the first or second trimester ( 20 weeks). The Institutional Review Board of Seoul National University Bundang Hospital approved this study (no. B-1006/103-102); the parents gave written informed consent for the collection and use of cord blood samples and clinical information for research purposes. This study was performed in accordance with the tenets of the Declaration of Helsinki.
ROP Screening examination
We followed the ROP screening guidelines that were proposed by the American Academy of Pediatrics and Ophthalmology and Pediatrics, and the Association for Pediatric Ophthalmology and Strabismus. 13, 14 The timing of the initial examination was either 4 weeks after birth or 31 weeks of postmenstrual age, whichever was later. The follow-up schedules and the treatment decision adhered to the indications proposed through the Early Treatment for Retinopathy of Prematurity study results. 4, 15 Intravitreal antivascular endothelial growth factor (VEGF) treatment, such as bevacizumab, was not considered for the initial treatment. The stage of ROP was graded as the highest stage observed on fundus examination during the entire follow-up periods. Severe ROP included the ROP stages 3, 4, and 5, whereas mild ROP included stages 1 and 2. The outcome parameters were the occurrence of any stage ROP, severe ROP, and clinically significant ROP requiring laser treatment (type 1 ROP).
Clinical Data and Definitions of Various Factors
Data on maternal, perinatal, and neonatal parameters were extracted from the obstetric and neonatal database, as described previously. 10 Acute histologic chorioamnionitis was defined as the presence in any tissue sample (chorionic plate, amnion, umbilical cord, or chorion-decidua) of acute inflammatory change by using previously published criteria. 16 Funisitis was defined as the presence of neutrophil infiltration into the umbilical vessel walls or Wharton's jelly. Clinical chorioamnionitis, intraventricular hemorrhage (IVH), bronchopulmonary dysplasia (BPD), necrotizing enterocolitis (NEC), periventricular leukomalacia (PVL), respiratory distress syndrome (RDS), and proven sepsis were diagnosed in accordance with previously proposed criteria. 17 
Analysis of Various Proteins in the Cord Plasma
At birth, cord blood was collected from the umbilical vein into ethylenediaminetetraacetic acid tubes. The samples were centrifuged at 1500g at 48C for 10 minutes, and the plasma was aliquoted for storage at À708C until assayed. The concentration of interleukin-6 (IL-6) (R&D Systems, Minneapolis, MN, USA), matrix metalloproteinase-2 (MMP-2), MMP-9, tissue inhibitor of metalloproteinase-1 (TIMP-1), macrophage colony-stimulating factor (M-CSF), endostatin, a proliferationinducing ligand (APRIL), insulin-like growth factor-binding protein-1 (IGFBP-1), IGFBP-2, calcium-binding protein A8/A9 complex (S100 A8/A9) (DuoSet enzyme-linked immunosorbent assay [ELISA]; R&D Systems), and complements C3a and C5a (BD Biosciences, San Diego, CA, USA) in the stored cord plasma samples were determined using ELISA kits in accordance with the manufacturers' instructions. These proteins were selected for the study based on the fact that they are crucial regulators of inflammation, infection, immune response, oxidative stress, and hypoxia-inducible mechanisms (https://www.uniprot.org/, in the public domain), which may be important for the pathogenesis of ROP. 1, 18 The ranges of the protein standard curves and their dilution ratio are described in detail in the Supplementary Materials. The intra-assay and interassay coefficients of variation were <15% for all analyzed proteins.
Statistical Analysis
Continuous data were analyzed using the Student's t-test or the Mann-Whitney U test, whereas categorical data were compared using the v 2 test or Fisher's exact test, as appropriate. The normality of the data was tested using the Shapiro-Wilk test. A multivariate logistic regression model was further conducted to assess the independent relationship of the level of each protein in cord plasma with severe ROP and laser treatment, after controlling for baseline risk factors, with a P < 0.05 in univariate analysis. In the logistic regression model, continuous data were transformed into dichotomous data to decrease the problem of multicollinearity, especially between the gestational age at birth and cord plasma IL-6 (r ¼ À0.357) or for prediction and/or decision-making purposes. Receiver operating characteristic (ROC) curves were generated for each protein in the cord plasma and clinical risk factors for predicting severe ROP and laser treatment and were used for identifying the best cutoff values (maximizing the sum of sensitivity and specificity) for dichotomization. Additionally, to determine the best detection model for severe ROP and laser treatment, a forward stepwise variable selection procedure was performed in which all predictive variables with a P < 0.05 from the univariate analysis were introduced as dichotomous variables. Areas under the ROC curves (AUCs) were computed for each protein in the cord plasma, clinical risk factors, and the best predictive model and compared using the method of DeLong et al. 19 The correlation among the nonnormally distributed continuous variables was analyzed with Spearman's rank correlation test. All data were analyzed using SPSS version 22.0 for Windows (IBM SPSS Statistics, Chicago, IL, USA). All reported P values were two-sided, with a significance level of 0.05.
RESULTS
During the study period, a total of 110 preterm neonates, who met the inclusion/selection criteria, were included in the final analysis. The mean gestational age at birth of the cohort was 29.3 weeks (SD, 1.9 weeks; range, 24.5-32.0), and the mean birth weight was 1351 g (SD, 348 g; range, 600-2,090). ROP was diagnosed in 30 of 110 infants (27.3%) from our cohort, including 16 with mild ROP (stage 1, n ¼ 10; stage 2, n ¼ 6) and 14 with severe ROP (stage 3, n ¼ 14). There were no neonates with stage 4 or 5 ROP. Laser treatment was performed on 7 infants (6.4% [7/110]).
The maternal and obstetric characteristics of the study population in relation to the occurrence and progression of ROP are described in Supplementary Table S1 . None of the maternal and obstetric variables were associated with the occurrence or progression of ROP. Table 1 displays neonatal characteristics and morbidities in relation to the occurrence and progression of ROP among the 110 preterm neonates. Based on the univariate analyses, low gestational age, low birth weight, use of mechanical ventilation, and BPD were significantly related with the occurrence and progression of ROP, as well as ROP laser treatment. Apgar scores of <7 at 5 minutes and RDS had a statistically significant association with ROP occurrence, while the use of a surfactant had an association with both ROP occurrence and severe ROP. Table 2 shows cord plasma levels of immune and inflammatory proteins in relation to the occurrence and progression of ROP. The univariate analysis with regard to the presence or absence of severe ROP showed significantly higher median cord plasma IL-6 and IGFBP-1 levels in preterm infants who developed severe ROP than in those who did not. Moreover, infants with vision-threatening ROP requiring laser treatment had significantly higher median cord plasma IL-6, C5a, and IGFBP-1 levels than infants that did not develop vision-threatening ROP. However, on the basis of univariate analysis, none of the proteins measured in the cord plasma were associated with ROP occurrence. Positive significant correlations between IL-6, IGFBP-1, and C5a levels in cord plasma were identified (all variables, r ¼ 0.335-0.472, P < 0.001).
A multivariate logistic regression model was conducted to determine the independent association of the different proteins levels in cord plasma with severe ROP and visionthreatening ROP requiring laser treatment after adjusting for the effects of baseline variables. Before performing logistic regression analysis, we checked for multicollinearity among the variables by using the Spearman's rank correlation test. A highly significant correlation was found between gestational age at birth and birth weight (r ¼ 0.845); therefore, gestational age alone was included in the analysis instead of both gestational age and birth weight ( Table 3 ). In this model, the variables were selected based on a P < 0.05 in univariate analyses, and all continuous parameters were dichotomized using the cutoff values derived from the ROC curves. With respect to the prediction of severe ROP, the optimal cutoff values for cord plasma IL-6 and IGFBP-1 levels, birth weight, and gestational age were ‡6.5 pg/mL, ‡291.6 ng/mL, ‡1.1225 kg, and ‡28.2 weeks, respectively. A multivariate logistic regression model indicated that only high cord plasma levels of IL-6 ( ‡6.5 pg/mL), and not IGFBP-1 ( ‡291.6 ng/mL), were still significantly associated with severe ROP when adjusted for low gestational age ( ‡28.2 weeks) (or low birth weight [ ‡1.1225 kg] [data not shown]), mechanical ventilation, the use of surfactant, and BPD (Table 3) . Similarly, when vision-threatening ROP requiring laser treatment was used as an outcome measure, the following dichotomized variables were used for the logistic regression analysis: high level of cord plasma IL-6 ( ‡7.5 pg/mL), high level of cord plasma C5a ( ‡28.0 ng/mL), high level of cord plasma IGFBP-1 ( ‡291.6 ng/mL), low birth weight ( 1.1225 kg), and low gestational age ( 28.2 weeks). Logistic regression showed that only a high cord plasma C5a level ( ‡28.0 ng/mL) was still significantly associated with laser treatment, even after adjustment for low gestational age ( 28.2 weeks) (or low birth weight [ 1.1225 kg] [data not shown]), mechanical ventilation, and BPD (Table 3) .
To determine the best combination model for the prediction of severe ROP and ROP laser treatment, a multivariate analysis, with a forward selection, was performed on seven variables found to be significant by univariate analysis (<0.05) ( Supplementary Table S2a ). In this model, all continuous predictors were entered as dichotomous variables using the cutoff values derived from the ROC curves, as described in Table 4 . In the severe ROP model, only high cord plasma levels of IL-6 ( ‡6.5 pg/mL) and low birth weight ( 1.1225 kg) were identified as the best combination (Supplementary Table S2a ). Table S2b ). The AUC of this combination model was 0.884 (95% CI, 0.780-0.988), and the Hosmer-Lemeshow test showed a P value of 0.905, indicating an adequate model fit. Table 4 shows the AUC and best cutoff values, sensitivity, and specificity for various proteins in the cord plasma, clinical factors, and the combined prediction model in relation to severe ROP and ROP laser treatment. In predicting severe ROP, the AUC for the combined prediction model was significantly greater than those for cord plasma IL-6 and IGFBP-1 levels (P < 0.05 for each) but not significantly higher than those for birth weight (P ¼ 0.503) and gestational age (P ¼ 0.348) ( Table 4 ) ( Fig. 1) . Likewise, for the prediction of laser treatment for ROP, the AUC for the combined prediction model was significantly greater than that for the cord plasma IL-6 level (P ¼ 0.038) but not significantly higher than those for cord plasma C5a (P ¼ 0.398) and IGFBP-1 (P ¼ 0.156) levels, birth weight (P ¼ 0.774), and gestational age (P ¼ 0.557) ( Table 4 ; Fig. 2 ).
DISCUSSION
The principal findings of this study are as follows: (1) in preterm neonates, an elevated level of cord plasma IL-6 was independently associated with an increased risk for the progression of ROP, whereas elevated levels of cord plasma C5a were significantly and independently associated with vision-threatening ROP requiring laser treatment; (2) the best combined models including cord plasma IL-6, cord plasma C5a, and birth weight can predict ROP progression with good accuracy; and (3) the development of ROP, especially the mild form, was not associated with cord plasma levels of several immune-inflammatory proteins. These findings are consistent with data reported by Lynch et al., 2 showing that type 1 or type 2 ROP is an ocular outcome linked with events in the intrauterine environment that trigger a preterm birth. Taken together, these observations strongly suggest that factors that were present prior to birth in preterm infants may influence the development of severe ROP, independent of low birth weight and gestational age.
Previous literature indicates that high IL-6 levels of cord blood at birth play an important role in the development of severe neonatal morbidities, including hearing impairment, BPD, NEC, PVL, neonatal sepsis, and neonatal systemic inflammatory response syndrome, suggesting a deleterious role for IL-6 in a fetal inflammatory condition and its associated diseases. 9, [20] [21] [22] Also, in retinal vasculature injuries in utero, we found that elevated IL-6 levels in cord plasma at birth were independently associated with the development of severe ROP in preterm infants. Considering that IL-6 is one of the most important proinflammatory cytokines involved in inflammation and infection responses 23 previously identified as important risk factors for ROP, 1,18 this finding is not surprising and supports the hypothesis that a systemic fetal inflammatory response (defined by increased levels of cord plasma IL-6) may cause detrimental effects on the development of the fetal retinal vasculature in preterm infants. In contrast to the current findings, our previous study using ROP occurrence (especially the mild form) as an outcome measure did not detect any association between cord blood IL-6 changes at birth and ROP occurrence. 10 This discrepancy may be derived from the differences in outcome measures (any ROP versus severe ROP) and suggests that IL-6 levels in cord blood samples at birth may reflect disease severity in ROP. This speculation is supported by previous reports that the cord serum level of IL-6 is a significant predictor of the severity of the hypoxic-ischemic encephalopathy and IVH in preterm neonates. 24, 25 An important finding of this study is that elevated C5a cord plasma levels at birth were independently associated with vision-threatening ROP requiring laser treatment after adjusting for important clinical factors, including gestational age at birth and birth weight. To our knowledge, this is the first study that describes changes in cord plasma levels of complement activation fragments at birth in relation to the postnatal development of ROP. Similar to the findings in our study, a recent study using vitreous samples, conducted by Rathi et al., 26 demonstrated that C3 and CFH proteins were significantly elevated and activated in the vitreous humors of preterm infants with ROP, suggesting a possible involvement of the alternative complement pathway in ROP. Indeed, these observations are natural because the complement system plays an important role in the inflammatory response, innate immunity, and pathologic retinal angiogenesis, 27, 28 which were already known to be major risk factors for ROP. 1, 18 The findings of our group and Rathi et al. 26 highlight the important role of the complement pathway in ROP pathogenesis, possibly even in utero, and might provide a new selective and specific target for the early prediction for ROP progression and, thus, a more effective ROP treatment. In support of our view, Langer et al. 28 have reported that complement and the C5a-C5aR axes in particular are potent inhibitors of the pathologic retinal angiogenesis in mice.
Similar to our previous report regarding the expression of inflammatory cytokines and growth factors in cord blood at birth related to the occurrence of ROP, 10 we found that levels of various immune and inflammatory proteins in cord blood at birth were not associated with the risk of ROP occurrence, especially the mild form. On the contrary, neonatal blood biomarkers of inflammatory cytokines or growth hormones, as measured in the first few days after birth, were consistently reported to be associated with ROP development, even mild ROP. [29] [30] [31] The discrepancy between the null result of the present study using cord blood at birth and other studies using postnatal blood and finding an ROP association [29] [30] [31] suggests that environmental and care practices for infants in the postnatal period might be more important in the development and progression of ROP than those in utero. Therefore, we believe that the prediction of ROP risk based on the blood obtained later in postnatal life may be more accurate, although our biomarkers in cord blood at birth may be used to understand the mechanisms of ROP progression and implement novel targets for mechanism-based treatments. Similar observations have been reported in a BPD study. 32 Our combination models, consisting of high levels of cord plasma IL-6 (or C5a) and low birth weight, were not better than gestational age or birth weight alone in predicting severe ROP. This finding differs from that of Löfqvist et al., 33 who proposed a WINROP algorithm (a sensitivity of 100% and specificity of 83.6%) by using longitudinal postnatal serum insulin-like growth factor 1 (IGF-1) levels and weight. This discrepancy may imply the limited clinical usefulness of prenatal data to build a predictive model for ROP risk.
Several limitations of this study should be acknowledged. First, the study is limited by its retrospective nature, single center design, and relatively small sample size in the laser treatment group and the predictive models were not validated in other cohorts, all of which can provide preliminary information on the cord blood biomarkers associated with ROP. Therefore, our findings need to be confirmed in large, prospective cohort studies in other populations. Second, we lacked data for other important markers (such as VEGF, IGF-1, and postnatal weight gain), 1, 33, 34 which may be used to improve the predictability of our combined prediction model, although we included 12 proteins representing the level of immune-inflammatory responses. Third, this study included umbilical cord blood sampling at birth and did not include serially collected neonatal blood samples, which did not provide the best time point to predict subsequent ROP. Fourth, the current study is limited by the lack of a control group (i.e., gestational age-matched normal neonates), and the results may be affected by unknown confounding factors, which cannot be taken into account during analysis. Fifth, the present study used frozen stored plasma samples to measure protein concentrations. This may lead to potential bias to interpret findings from our study, although the time intervals between cord blood collection and measurements were not associated with any of ROP outcomes ( Table 2) .
In conclusion, we demonstrated that in preterm infants, an elevated level of cord plasma IL-6 was independently associated with an increased risk of ROP progression, whereas elevated levels of cord plasma C5a were significantly and independently associated with vision-threatening ROP requiring laser treatment; however, the development of ROP, especially the mild form, was not associated with cord plasma levels of several immune-inflammatory proteins. Our results indicate that the immune-inflammatory environment of preterm infants in the prenatal period, as well as in the postnatal period, may be important for the progression to severe ROP. Further studies are needed to confirm our findings and to elucidate the underlying mechanisms by which in utero IL-6 and complement proteins may contribute to the development of severe ROP.
